Chlamydia trachomatis ͉ enzyme structure ͉ fatty acid binding ͉ enzyme mechanism
L
ipopolysaccharide (LPS) forms the amphipathic interface between Gram-negative bacteria and their environment and contributes protection against antibiotics and the complement system. The alternative name, endotoxin, is indicative of the capacity to cause septic shock by hyperstimulation of the immune system (1, 2) . LPS consists of three components: core polysaccharide, O-antigen, and lipid A. The core polysaccharide is a branched structure of 9-12 sugar units and contains the unusual 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) whereas the O-antigen is a linear polysaccharide consisting of 50-100 repeating saccharide units with four to seven sugars per unit. Lipid A, the potent macrophage-activating component primarily responsible for endotoxin activity, is a phosphorylated glucosamine disaccharide carrying long-chain saturated fatty acid (FA) substituents that anchor LPS in the outer membrane. Lipid A is similar for all Gram-negative Enterobacteriaceae, and synthetic lipid A produces effects identical to that isolated from Escherichia coli in both in vitro and in vivo endotoxin tests (3) . In addition, only lipid A and two Kdo moieties from the core are essential to support E. coli growth (4) .
The biosynthesis of Kdo 2 -lipid A is best characterized in E. coli (4) . The first three enzymes in the pathway are essential for generation of the outer membrane and for bacterial viability and so offer potential as therapeutic targets. Indeed, the treatment of infection using an inhibitor of UDP-3-O- [3-hydroxymyristoyl] Nacetylglucosamine deacetylase (LpxC), the second enzyme in the pathway, has been successful in mice (5) . LpxC and the first enzyme in lipid A biosynthesis, UDP-N-acetylglucosamine (UDP-GlcNAc) O-acyltransferase (LpxA), have been structurally characterized (6) (7) (8) (9) (10) , but no such data are available for the third enzyme, UDP-3-O-acyl-glucosamine N-acyltransferase (LpxD). In E. coli, LpxD catalyzes the transfer of 3-hydroxy-myristic acid from acyl carrier protein (ACP) to UDP-3-O- [3-hydroxymyristoyl] glucosamine (11) whereas 3-hydroxy-arachidic acid is transferred onto UDP-3-O-myristoyl glucosamine in Chlamydia trachomatis ( Fig. 1) (12) .
LpxD belongs to the left-handed ␤-helix family of proteins, of which LpxA is the founding member (8, 13) . Each coil of the ␤-helix is constructed from three hexapeptide repeats of the consensus sequence [(Ile,Val,Leu)GlyXXXX]. Both LpxA and LpxD acylate a UDP-GlcNAc derivative (11, 14) , and the amino acid sequences of the pair of enzymes in E. coli and C. trachomatis are 28% and 25% identical, respectively. Residues of LpxA likely to interact with UDP-GlcNAc and FA have only been inferred (10, (15) (16) (17) because the appropriate enzyme-ligand complexes have not been obtained.
We present crystallographic analyses of recombinant C. trachomatis LpxD in complex with UDP-GlcNAc, which represents a fragment of substrate, and FA serendipitously extracted from the bacterial expression system. These studies permit the correlation of structure with reactivity at an early stage in lipid A biosynthesis.
Results and Discussion
General Comments. The structure of LpxD has been determined with experimental phases derived from a single-wavelength anomalous dispersion experiment applied to a selenomethionine derivative (Se-LpxD) ( Table 1) . Structures in the presence of 25 and 100 mM UDP-GlcNAc were also determined and are named complex I and complex II, respectively. A third structure, native LpxD, was solved in the absence of UDP-GlcNAc. Complex I provides the basis for analysis and figures, unless otherwise stated, because it is The most highly resolved structure. These structures are very similar, and the largest difference involves residues 43-52 of each subunit: The rmsd for overlay of main-chain atoms of complex I with II is 0.44 Å, and the rmsd for overlay of native LpxD with complex I and complex II 0.48 Å and 0.61 Å, respectively. Gel filtration chromatography (data not shown) indicates that LpxD forms a trimer of Ϸ121.5 kDa. The asymmetric unit consists of such a trimer with subunits A, B, and C of the model comprising residues 1-346, 1-345, and 3-348, respectively. Overall Structure. Each LpxD subunit (Fig. 2) , with dimensions of Ϸ100 Å ϫ 45 Å ϫ 45 Å, is composed of two domains and a C-terminal helical extension (HE). The globular N-terminal uridine-binding domain (UBD) comprises residues 1-97, which form a five-stranded ␤-sheet (␤2 and ␤4-␤7) surrounded by four helices (␣1-␣4) and a short, two-stranded ␤-sheet (␤1 and ␤3). Residues 98-110 form a linker section, Ϸ27 Å in length, leading to the lipid-binding domain (LBD), which is a left-handed ␤-helix structure constructed from 10 coils, each composed of three hexapeptide repeats (18) . Four residues in this repeating sequence form a ␤-strand, and the remaining two form a 120°turn into the next strand. The LBD has the appearance of an elongated prism of length 53 Å, with an equilateral triangle of edge length 18 Å as the base. The continuity of the ␤-helix is disrupted in coils five and six by extruding loops. The first loop (␤21 and ␤22) extends Ϸ25 Å from the prism, and the second extends 14 Å from the prism. From the LBD beginning at residue 317, a HE nearly 45 Å in length is observed. Pro-331 creates a kink of Ϸ30°and splits this section into two distinct helices (␣5 and ␣6). Architectural comparisons with known structures (19) reveal that LpxD constitutes a unique combination of domains.
Although the domain combination of LpxD is distinctive, the LBD is very similar to that of LpxA [supporting information (SI) Fig. 5 ]. Quantification of the structural relationship between the LpxD LBD and E. coli LpxA subunit yields an rmsd of 1.1 Å and a Z-score of 26.9 for the overlay of 191 C ␣ atoms. (Z-score measures the statistical significance of the best alignment. Typically, dissimilar structures present a Z-score of Ͻ2.0.) Both of these LBDs comprise 10 coils and are almost identical in length: In the superposition of the two domains, the final coils of the C terminus are in the same location whereas the N-terminal coil of LpxD has an extra 1.5 hexapeptide repeats. In addition, the loops that disrupt the left- Values in parentheses pertain to the highest-resolution shell (width ϭ 0.1 Å). B is the isotropic thermal parameter. ADSC, Area Detector Systems Corporation; ESRF, European Synchrotron Radiation Facility; DPI, diffraction-component precision index (43) .
handed ␤-helix extend from overlapping coils of the two proteins. Both LpxA and LpxD form trimers, and, in their quaternary structures, these loops interact with adjacent subunits to form an active site cleft.
The LpxD trimer is an equilateral-triangular prism with protrusions on each edge and a helical bundle at one end (Fig. 2B) . The subunit-subunit interface, comprising 65% nonpolar residues, extends for almost the full length of the trimer with nearly one third of the accessible surface area (5,600 Å 2 ) of each subunit occluded by oligomerization. The three HE sections form an amphipathic helical bundle. However, this feature does not contribute significantly to oligomer stability because truncated constructs lacking residues 319-354 or 331-354 still retain a trimeric structure as indicated by gel filtration chromatography (data not shown).
Three active sites are created near the inter-subunit regions. Here LpxD must bind the acceptor UDP-3-O-(3-hydroxymyristoyl)-glucosamine and an acyl-ACP thioester as the substrate donor (Fig.  1) . Our structures identify FA and UDP-GlcNAc binding sites; the ACP binding site is inferred.
LpxD-UDP-GlcNAc Interactions. UDP-GlcNAc binds with the nucleotide interacting with a UBD of one subunit and the glucosamine moiety with the LBD of an adjacent subunit; the diphosphate bridges the two domains. The ligands are assigned to two subunits, the first being the one to which UDP binds and the second the one to which GlcNAc binds. In the A-C binding pocket, the residues 46-52 of the UBD contact crystallographic symmetry related molecules, which appear to preclude ligand binding (data not shown). The B-A binding pocket was 50% occupied by UDPGlcNAc in complex I; in complex II, the B-A and C-B binding pockets were 75% and 50% occupied, respectively (Table 1) . There is a gradient of order within this ligand as evidenced by the thermal parameter distribution and the electron density. Uracil is the most ordered component whereas the GlcNAc moiety displays higher thermal parameters and more diffuse density ( Fig. 3A and SI  Fig. 6 ).
Identical binding interactions between LpxD and uracil are observed in both complexes but there is some variation with respect to the rest of the ligand. We confine discussion to the most reliable electron density, that observed in the B-A binding pocket of complex II (Fig. 3A and SI Fig. 6 ). Electron density for the polypeptide of residues 43-49 of the UBD is poor in the absence of any ligand and refined thermal parameters greatly exceed the average observed for the protein structure (Table 1) . When UDPGlcNAc is bound, well defined electron density for these residues is observed (data not shown) and the thermal parameters become Disordered residues at the C terminus are marked by dots. Highly conserved residues (Ͼ60% identity in 85 sequences) are highlighted in gray, and strictly conserved residues (100% identity) are in black. Green stars and circles indicate residues that interact with UDP-GlcNAc and palmitic acid, respectively. Salmon boxes represent sites of conditionally lethal point mutations in E. coli and S. typhimurium LpxD.
comparable to the average for the protein. The pyrimidine is stacked between Phe-43 and Tyr-49, forming -bond interactions. An aromatic residue at one of these positions is strictly conserved in LpxD sequences, suggesting a critical contribution to substrate binding. Hydrogen bonds between uracil and main chain groups of Ile-33, Phe-43, Leu-44, and Asp-45 further stabilize the complex (Fig. 3A and SI Fig. 6 ). The ribose hydroxyl groups form hydrogen bonds with the carboxylate groups of Glu-32 and Glu-34 from one subunit and the side chain of Gln-248 from a partner subunit. Although not strictly conserved, Glu-34 is a glutamate, aspartate, or glutamine in 65% of LpxD sequences, and Gln-248 is either glutamine or asparagine in 90% of LpxD sequences (data not shown). Conservation of polar or charged side chains at these sites suggests that two of the hydrogen bonds with the ribose could be preserved. The highly conserved Asn-46 and His-284 donate hydrogen bonds to the ligand phosphates, thereby orienting the GlcNAc moiety into a pocket created by the extending loops of the LBD from one subunit and the UBD of a partner subunit (Fig. 2B) . The side chain of Asn-46 forms a hydrogen bond with 6Ј-OH of GlcNAc whereas His-247, located at the base of the pocket, participates in a hydrogen bond with the acetyl oxygen.
There are structural and functional similarities between LpxD and LpxA. The similarity in mechanism between LpxA and LpxD is that in each case a nucleophilic addition occurs: the distinction is that substitution occurs at different chemical groups and positions on the glucosamine (Fig. 1) . The nucleophile is the C3Ј hydroxyl in LpxA and the 2Ј primary amine in LpxD. Chemical modification and site-directed mutagenesis of E. coli LpxA suggest that acylation of UDP-GlcNAc proceeds through a general base-catalyzed mechanism with His-125, a strictly conserved and essential residue, assigned as the base (16) . A structural overlay superimposes E. coli LpxA His-125, the assigned general base, and C. trachomatis LpxD His-247 (SI Fig. 5 ), suggesting an important contribution to this enzyme's function. Furthermore, His-247 is strictly conserved among sequences of LpxD. Structural homology and sequence identity indicate that His-247 of LpxD can contribute to a general base mechanism by acquiring an amine proton before the nucleophilic attack.
An additional role for His-247 is also suggested. His-247 is one of a pair of histidines that flank the acetyl group of UDP-GlcNAc ( Fig. 3A and SI Fig. 6 ). Once protonated, His-247 can, in conjunction with His-284, stabilize the negatively charged transition state (Fig. 1B) . Conservation of this histidine pair emphasizes its potential importance in catalysis. His-284 is conserved in 84 of the 85 LpxD sequences compared (Fig. 2C) . The exception, in Anabaena sp. PCC7120, is an alteration to a glutamine that could function in the same capacity as a histidine to stabilize a carboxyanion intermediate. The second stage of catalysis, elimination, follows: breakage of the reactive C-S bond occurs, and the carbonyl -bond is reformed. ACP is released, and the nucleotide derivative is now left carrying two lipid tails.
ACP delivers acyl groups and FA derivatives in numerous metabolic pathways, including lipid A biosynthesis. ACP is highly acidic and requires an electropositive surface on its cognate partners for binding. Chemical modification of arginine or lysine residues on LpxA compromises the acyl transferase activity (16) , and, in FA biosynthesis, interactions of ACP with FabG, FabH, and AcpS are dependent on specific arginine residues (20) (21) (22) . Like other ACP-targeted enzymes, LpxD presents an electropositive surface near the active site (SI Fig. 7 ). Several basic residues are proximal to the active site His-247. In particular, the highly conserved Lys-48 is a possible binding partner.
FA Identification. Fortuitously, strong electron density consistent with a FA, likely acquired from the E. coli expression system, was observed in grooves formed by LBD pairs (Fig. 3B and SI Fig. 8) . It was necessary to characterize this ligand, and so LpxD was treated with ethanol and the extracted FA entities derivatized to the corresponding methyl esters (FAME) and hydroxy-FAMEs. Samples were analyzed by GC-MS, and the retention times and fragmentation patterns were compared with FAME standards. The ligands are indeed FAs and were identified as palmitic acid (C16:0), stearic acid (C18:0), and a monounsaturated C18:1 FA, observed in a ratio of Ϸ4:3:3 (Fig. 4A) . Comparisons of the mean retention time differences between the internal standard (C17:0) and various C18:1 standards allowed the C18:1 unsaturated compound to be assigned as cis-vaccenic acid. No trimethylsilyl derivatized hydroxyFAMEs were observed (SI Fig. 9 ). Palmitic acid, an abundant saturated FA in E. coli (23) , is consistent with the observed electron density.
LpxD-FA Interactions. A common theme in FA-binding proteins is the presence of a hydrophobic pocket or cavity that accommodates the FA tail (24) . In LpxD, the FA binds in a hydrophobic groove created by residues on the first ␤-strands of coils 8-10 of one LBD (residues Ala-246, Gly-262, Ile-263, Ala-264, Gly-265, Gly-280, Ile-281, Thr-282, Gly-298, Val-299, and Thr-200) and the turns between coils six to nine of a second LBD (residues Val-258, Ala-259, Gly-277, Gln-278, Met-294, Ala-295, and Gln-296) (Figs.  2B and 4B) . The ligand carboxylate, likely protonated, potentially forms hydrogen bonds with Asp-240 OD2 of one LBD and Gln-244 NE2 and the Gly-265 amide from the other LBD. In other FA-binding proteins, the size, shape, and hydrophobicity of FAbinding pockets contribute to ligand specificity: these characteristics influence the length and degree of saturation of FA bound (24) . The FA binding site in LpxD suggests that chain length and degree of saturated FA bound is limited because the FA binding groove is narrow, linear, and Ϸ18 Å in length (measured from ND2 of His-247 of one subunit to OE1 of Gln-296 of an adjacent subunit).
We propose that this FA binding groove identifies the binding site for the myristic acid moiety of the substrate. The conditionally lethal point mutations of S271N of E. coli LpxD (25) and M288K, G289D and V291M of Salmonella typhimurium LpxD (26, 27) map to Ala-279, Thr-297, Gly-298, and Val-299 of C. trachomatis LpxD, respectively (Fig. 2C) . These four residues are positioned in the FA binding groove of C. trachomatis LpxD and an increase in side chain size would have disruptive effects on both the structure and ligand binding. Residues that create the FA binding groove are highly conserved with Ͼ60% observed to be identical in 85 LpxD sequences (Fig. 2C) . A similar groove, formed by two ␤-coils in Helicobacter pylori LpxA, binds 1-n-octyl-␤-D-thioglucoside, which was an additive for crystallization (7) and a pentadecapeptide with antibacterial properties (10) . The mutation of G173M in E. coli LpxA changes substrate preference from 14 to 10 carbon atoms (15) . In a structural alignment of LpxA and LpxD, Gly-173 corresponds to Ala-295 (SI Fig. 5) , and the alanine interacts with the FA tail in our LpxD structure (Fig. 3B) .
Concluding Remarks. We have determined the structure of C. trachomatis LpxD, the N-acyltransferase of lipid A biosynthesis. Complexes with UDP-GlcNAc and the fortuitous discovery of bound FA provide insights into specificity and mechanism at an early stage of lipid A biosynthesis. There is a strictly conserved -stacking interaction for binding uracil and, within the catalytic center, two strictly conserved histidines implicated in the enzyme mechanism. The characterization of bound FA in a lipid A acyltransferase identifies residues which contribute to lipid binding and correlates to lethal point mutations in E. coli and S. typhimurium LpxD. In addition, this correlates to a groove implicated in substrate binding in LpxA by previous structural studies.
Materials and Methods
Cloning, Expression, and Purification of LpxD. The lpxD gene was amplified from C. trachomatis (serovar B) genomic DNA, cloned into pET15b (Novagen, Madison, WI), and heat-shock-transformed into E. coli BL21(DE3) (Stratagene, La Jolla, CA). Gene expression was induced by addition of 1 mM isopropyl-␤-Dthiogalactopyranoside to cultures in Luria broth containing carbenicillin (50 mg⅐liter Ϫ1 ) when the A 550 reached 0.6-0.8. Selenomethionine derivatization (Se-LpxD) used the methionine auxotrophic strain E. coli B834(DE3) (Novagen) cultured in M9 minimal media containing all amino acids (50 mg⅐liter Ϫ1 ) except methionine, which was replaced by selenomethionine (50 mg⅐liter Ϫ1 ). Cell pellets were resuspended in buffer [20 mM Tris (pH 8), 500 mM NaCl, 15 mM imidazole, and 3 mM 2-mercaptoethanol] containing lysozyme and DNase I (Roche Diagnostics, Burgess Hill, U.K.) and lysed in a French press. LpxD was purified on a 5-ml HiTrap Chelating HP column (GE Healthcare, Pittsburgh, PA) preloaded with Ni 2ϩ , using a gradient of 0-500 mM imidazole. Fractions of LpxD were pooled then dialyzed into 10 mM Tris (pH 8), 500 mM NaCl, and 1 mM tris(2-carboxyethyl)phosphine hydrochloride or DTT, and concentrated to 260-300 M (theoretical 0 , 11,520 M Ϫ1 ⅐cm Ϫ1 ). Gel filtration (Superdex 200; GE Healthcare) was performed on the sample that led to the LpxD structure (Table 1) . Sample purity was ascertained by SDS/PAGE and MALDI-TOF MS. The latter method also confirmed full incorporation of Se in Se-LpxD. Further details are given in SI Methods.
Crystallographic Methods. Crystals of LpxD (Table 1) crystals were grown in the presence of UDP-GlcNAc, which represents a fragment of the substrate. For complexes I and II, respectively, LpxD was incubated at 4°C for 30 min with 25 mM or 100 mM UDP-GlcNAc before crystallization. Tetragonal prisms (0.1 mm ϫ 0.1 mm ϫ 0.4 mm) were cryoprotected and flash-cooled to Ϫ170°C, and diffraction data were recorded in-house or at the European Synchrotron Radiation Facility (Table 1) .
Data were integrated and scaled by using MOSFLM (28) and SCALA from the CCP4 suite of programs (29) or DENZO/ SCALEPACK (30) . The crystals, space group P4 1 2 1 2, present a trimer in the asymmetric unit. A single-wavelength anomalous dispersion experiment identified 9 of 15 selenium positions in the asymmetric unit of Se-LpxD and provided phase estimates [SOLVE (31) ] to 3.0-Å resolution. Density modification, phase extension, and construction of a model comprising Ϸ45% of the residues were performed with RESOLVE (32). The Se-LpxD model was completed in O (33) and refined with REFMAC5 (34). The structure of complex I was solved by molecular replacement (35) using the Se-LpxD model and refined using TLS (translation, libration, screw analysis) and maximum-likelihood restrained refinement without the use of noncrystallographic symmetry. The calculation of R free was performed on 5% of the data. Maps were inspected and the model was improved by using O and COOT (36) . Waters were identified with the CCP4 program suite; PRODRG (37) provided ligand dictionaries used for refinement. Models of complex II and the native LpxD were obtained by rigid body refinement using complex I and then refined as described above. In these instances, noncrystallographic symmetry restraints were used during the initial stages of refinement. The occupancies for UDPGlcNAc were based on consideration of refined thermal parameters and the appearance of electron and difference density maps.
Model geometry was analyzed by using PROCHECK (38) . Residues are within allowed regions of a Ramachandran plot except for Asn-46 of subunit B in complex I; Asn-46 of subunits A and C; and Ala-50 of subunit B in LpxD. For complexes I, II, and LpxD, respectively, subunit A superposes onto B with an rmsd of 1.53 Å, 1.62 Å, and 1.57 Å over 345 C␣ atoms; A superposes onto C with an rmsd of 2.27 Å, 2.21 Å, and 2.25 Å over 345 C␣ atoms; and C superposes onto B with an rmsd of 1.27 Å, 1.09 Å, and 1.28 Å over 343 C␣ atoms. The largest variation arises because of differences in the UBD and linker regions (residues 1-110), with the rmsd varying between 0.94 and 1.78 Å depending on the choice of model and chains. The rmsd is Ͻ0.65 Å for the corresponding superpositions of the LBD and HE (residues 110-345) in all of the models. Crystallographic contacts occur primarily through the UBDs of each subunit. Secondary structure was assigned by using a combination of DSSP (39) 
